We study the unoccupied region of the electronic structure of the fivefold symmetric surface of an icosahedral (i) Al-Pd-Mn quasicrystal. A feature that exhibits parabolic dispersion with an effective mass of (1.15±0.1)me and tracks the change in the work function is assigned to an image potential resonance because our density functional calculation shows an absence of band gap in the respective energy region. We show that Sn grows pseudomorphically on i−Al−Pd−Mn as predicted by density functional theory calculations, and the energy of the image potential resonance tracks the change in the work function with Sn coverage. The image potential resonance appears much weaker in the spectrum from the related crystalline Al-Pd-Mn surface, demonstrating that its strength is related to the compatibility of the quasiperiodic wave functions in i−Al−Pd−Mn with the free-electron-like image potential states. Our investigation of the energy region immediately above EF provides unambiguous evidence for the presence of a pseudogap, in agreement with our density functional theory calculations. We study the unoccupied region of the electronic structure of the fivefold symmetric surface of an icosahedral (i) Al-Pd-Mn quasicrystal. A feature that exhibits parabolic dispersion with an effective mass of (1.15 ± 0.1)m e and tracks the change in the work function is assigned to an image potential resonance because our density functional calculation shows an absence of band gap in the respective energy region. We show that Sn grows pseudomorphically on i-Al-Pd-Mn as predicted by density functional theory calculations, and the energy of the image potential resonance tracks the change in the work function with Sn coverage. The image potential resonance appears much weaker in the spectrum from the related crystalline Al-Pd-Mn surface, demonstrating that its strength is related to the compatibility of the quasiperiodic wave functions in i-Al-Pd-Mn with the free-electronlike image potential states. Our investigation of the energy region immediately above E F provides unambiguous evidence for the presence of a pseudogap, in agreement with our density functional theory calculations.
I. INTRODUCTION
Quasicrystals are an intriguing class of materials since they defy the familiar concept that relates atomic order in solids with translational symmetry. In spite of 30 years of intense research, the origin of aperiodic quasicrystalline ordering is far from fully understood. The formation of a pseudogap near the Fermi level (E F ) has been related to a Fermi surface-quasi Brillouin zone interaction mechanism [1, 2] . An increasing body of evidence has supported this notion [3, 4] indicating the presence of a pseudogap in the bulk, while the surface may behave differently [5, 6] . The bulk electronic structure of quasicrystals recently studied by hard x-ray photoelectron spectroscopy demonstrates the presence of a pseudogap [6] . On the other hand, low energy photoemission studies that are surface sensitive did not reveal a clear signature of the pseudogap. Angle resolved photoemission on icosahedral(i) Al-Pd-Mn [7] show a weak quasiperiodic dispersion of electronic band at about 2.5 eV below E F , while a free-electron-like band dispersion has been reported for decagonal Al-Ni-Co [8] .
Here, we extend wave-vector resolved studies of the electronic structure of quasicrystalline surfaces to the region of the unoccupied states. We concentrate on three features: the region of the pseudogap immediately near E F , the overall density of state (DOS) peaks, and a strongly dispersive feature near the vacuum level. Through density functional theory (DFT) based calculations for Al-Pd-Mn, we are able to interpret all spectral features in a consistent picture. Our interpretation is also based * barmansr@gmail.com on a direct comparison of spectral features from the icosahedral (000001) surface and its crystalline Al 65 Pd 31 Mn 4 counterpart of cubic symmetry, and changes induced by depositing Sn on the surface in order to vary the work function of the aperiodic surface.
II. EXPERIMENTAL AND CALCULATION DETAILS
The momentum resolved inverse photoemission spectroscopy (IPES) experiments were performed in a multilevel chamber at a base pressure of 5 × 10 −11 mbar. The measurements were carried out using a CaF 2 /acetone bandpass photon detector [9, 10] with a Stoffel-Johnson design electron source [11, 12] . The total energy resolution was about 0.5 eV, while the momentum resolution is about 0.13Å −1 . The electron beam current variation as a function of kinetic energy was accounted for by normalizing the measured counts by the sample current at each step, as in our previous studies [13] . IPES was performed by varying the polar angle of the specimen, while the electron source and the detector were kept fixed at an angle of 45
• . A single grain i-Al 69.4 Pd 20.8 Mn 9.8 quasicrystal cut perpendicular to its fivefold axis was cleaned in vacuum by repeated cycles of Ar + ion sputtering with 1.5 keV for 1 h and followed by annealing up to 930 K for 2-2.5 h [14] in a specially designed sample holder [15] . A relatively Pd-rich, crystalline (cubic symmetry) c-Al-Pd-Mn surface with a composition of Al 65 Pd 31 Mn 4 was prepared by annealing around 650 K for 3 h [16] . Sn was deposited on i-Al-Pd-Mn at room temperature using a water cooled Knudsen cell [17] .
The Sn adlayer coverage was calculated from the area under the Sn 3d and Al 2p core level peaks [17, 18] .
The ab initio DFT calculations of the electronic structure were performed using the VASP code [19, 20] . The structural model of bulk i-Al-Pd-Mn was constructed using the cutand-projection technique in the six-dimensional hyperspace according to the Katz-Gratias-Boudard model [21, 22] . The i-Al-Pd-Mn quasicrystal is represented by a 2/1 approximant consisting of 544 atoms in a cubic cell (396 Al atoms, 100 Pd atoms, 48 Mn atoms) with the lattice constant a = 20.31Å and the P 2 1 3 space-group symmetry (No. 198 ). An approximant has a local structure that is very similar to quasicrystals but is periodic with very large unit cells. The approximants are obtained by choosing the Fibonacci ratio n L /n S , where n L and n S are the numbers of long (L) and short (S) tiles of the Fibonacci sequence; this ratio is 2/1 in the present case.
III. RESULTS AND DISCUSSION
The IPES spectra of i-Al-Pd-Mn in Fig. 1 100 meV within the entire incidence angle (θ ) range. We attribute this feature primarily to Al s,p-Mn 3d hybridized states, by comparison of the spectra with the broad feature centered around 2 eV in the calculated DOS in Fig. 2 that displays the total and Al, Pd, and Mn partial DOS. Feature B, in contrast to feature A, displays a considerable dispersion from 3.8 to 4.4 eV above E F . We have performed least square curve fitting using a Gaussian function to determine its energy position [solid lines in Fig. 1(a) ]. A plot of the energy versus momentum parallel to the surface (k ) shows a parabolic dispersion with an effective mass of m * = (1.15 ± 0.1)m e , where m e is the free electron mass [ Fig. 1(b) ]. Since no such feature is present in the DOS in this energy range, feature B cannot be assigned to a feature related to the electronic states of a quasicrystal.
Dispersing electron states below E F in quasicrystalline materials have been observed in angle resolved photoemission [7, 8] , and may in principle also be present in the unoccupied region. However, the experimental data shown here strongly suggest that feature B is not related to the bulk electronic structure of i-Al-Pd-Mn, but rather an image potential-related feature that can exist in the potential well created by the interaction of the electron with its image in the metal surface [23] . Since the image potential is related to the vacuum level, an image potential state/resonance will exhibit an energy shift upon a change in work function. This is a standard method to identify an image potential state in IPES, and to distinguish it from other kinds of surface or bulk-related states [24] . Here, we use the work function change induced by Sn adsorption. This material forms a well-ordered pseudomorphic layer, thus avoiding scattering processes that might suppress the image potential state. Pseudomorphic growth of single layers of Sn on i-Al-Pd-Mn had been predicted in an earlier theoretical work [25] , and we provide direct experimental proof for this through scanning tunneling microscopy (STM) and low energy electron diffraction (LEED) in Fig. 3 . The pentagonal star-shaped features [ Fig. 3(a) ], which are similar to those found for Bi, Sb [26] and Pb [27, 28] (a side of the pentagon). These pentagonal stars merge to form a uniform layer at higher coverage, as demonstrated by the sharp fivefold low energy electron diffraction patterns (LEED) in Figs. 3(b) and 3(c); a detailed study of this system is presented elsewhere [29] .
In the normal incidence IPES spectra of Sn/i-Al-Pd-Mn [ Fig. 4(a) ], feature B is shown as a function of Sn coverage; its energy changes with the work function induced by an increasing coverage as shown in Fig. 4(b) , measured from the secondary edge cutoff of the ultraviolet photoemission spectra. The work function change with Sn adsorption is largest for 0.4 monolayer (ML), where it increases to 5.45 ± 0.15 eV, before dropping again at monolayer completion to 5.3 ± 0.15 eV. The direct comparison of the work function change and the shift of peak B with coverage [ Fig. 4(b) ] shows a close correspondence. This shows that feature B is indeed related to the image potential, and its shift due to Sn deposition is caused by the change in work function. Image potential states are Rydberg series of bound states whose binding energy is given by E n = 0.85/n 2 eV, where n = 1, 2, 3,... and have been reported in many metal surfaces [23, 24, [30] [31] [32] [33] . They are pinned to the vacuum level (E vac ) and thus the energy of n = 1 image potential state is 0.85 eV below E vac .
The work function of i-Al-Pd-Mn turns out to be 5 ± 0.15 eV, and the resulting E vac is shown by an arrow in Fig. 1(a) . A slightly smaller value of the work function (4.75-4.91 eV) was reported previously from low-energy electron microscopy [34] . Considering the uncertainty of measurement of the work function ranging from 4.75 to 5 eV, the position of feature B (0.85-1.1 eV below E vac for normal incidence) is close to the expected value (0.85 eV) for the n = 1 image potential state. While the width of an image potential state is very small (16 meV for n = 1) [35, 36] , the experimental energy resolution is much larger (0.5 eV). Thus, the width of this state is governed by the experimental resolution only and from the least square curve fitting [solid lines in Fig. 4(a) ], we find that the width (0.5 ± 0.05 eV) for both bare and Sn covered Al-Pd-Mn agrees with this quantity.
Although the above-mentioned characteristics of feature B are strongly indicative of an image potential state, it is puzzling to note that the DOS in Fig. 2 does not show the presence of any gap in this energy region. This raises the question about the origin of the barrier that confines the image potential states. Generally, for crystalline surfaces, such features observed in the absence of a gap are referred to as image potential resonance. The band dispersion calculated for Al-Pd-Mn along the high symmetry axes such as two-, three-, and fivefold do not show evidence of any gap in this energy region [21] . This indicates that the state giving rise to feature B is actually an image potential resonance, where the potential step at the vacuum-substrate interface provides a large enough barrier for such states to exist.
Examining the image potential resonance for icosahedral and cubic, i.e., periodic surfaces of Al-Pd-Mn provides an interesting comparison to investigate a possible influence of quasiperiodic ordering on the nature of the potential barrier at the surface. An image potential feature is also observed for crystalline c-Al-Pd-Mn, but its position is shifted to higher energy due to an increased work function (5.2 eV) of c-Al-Pd-Mn by 0.2 eV compared to that of i-Al-Pd-Mn (5 eV) [as shown in Fig. 5(a) and its inset]. Its intensity in the case of c-Al-Pd-Mn is strongly suppressed compared to i-Al-Pd-Mn. We assign this effect to a stronger coupling with, and decay into, the periodic bulk states in the crystalline surface. The larger intensity of the image potential feature (i.e., feature B) on the quasicrystalline surface is thus due to a stronger reflection of the free electron like wave function of the image potential states by the i-Al-Pd-Mn substrate with its quasiperiodic symmetry of the wave functions.
Turning to the question of the existence of pseudogap in the unoccupied states, which is of central importance for an understanding of quasicrystal formation, consider the IPES spectra of c-and i-Al-Pd-Mn in the vicinity of E F (Fig. 5) . We fit the respective data by a Fermi-Dirac distribution convoluted with a Gaussian to account for the instrumental broadening to simulate the experimental spectrum. A good fit is obtained for c-Al-Pd-Mn [see the residual on top of Fig. 5(b) ], showing that this surface has a metallic character. However, the fit for i-Al-Pd-Mn, where the E F position and the energy resolution obtained from c-Al-Pd-Mn are kept unchanged, exhibits large deviations [ Fig. 5(c) ] from the Fermi-Dirac distribution, showing that the spectral function has a different shape. This is clear from the comparison of the two spectra in Fig. 5(d) . The lower intensity from E F onwards in i-Al-Pd-Mn gives evidence for the existence of a pseudogap in this material. This observation is supported by the calculated DOS in Fig. 2 that shows the existence of a pseudogap with a minimum slightly above E F . However, since IPES is a surface sensitive technique, the pseudogap observed here is weaker compared to the bulk, as shown by our recent hard x-ray photoemission spectroscopy study [6] .
IV. CONCLUSION
In summary, our study of the unoccupied electron states of i-Al-Pd-Mn using inverse photoemission spectroscopy establishes the existence of the pseudogap and an image potential resonance. Two features are observed in the IPES spectra, a nondispersive one, and one that exhibits parabolic dispersion with an effective mass of (1.15 ± 0.1)m e . Based on our density functional theory (DFT) calculations, we assign the former to Al s, p-Mn 3d hybridized density of states peak. The dispersing state is identified as an image potential resonance, based on our DFT calculation that shows absence of any band gap. It tracks the change in work function of i-Al-Pd-Mn surface as a function of Sn coverage. The differences of the image potential resonance between the crystalline and quasicrystalline Al-Pd-Mn surface are ascribed to the quasiperiodic symmetry of the substrate wave functions, which are incompatible with that of the image potential resonance. The pseudogap is unambiguously identified above E F , in excellent agreement with our theoretical calculation.
